Mixed community biofilms and microbially influenced corrosion mechanisms, particularly in the presence of microbial biofilms. In this short article, we discuss briefly recent advances in MIC research, comparing corrosion in single species and mixed species biofilms, and outline possible strategies for biofilm and corrosion control.
The direct loss from corrosion in 1994 to the US industry was approximately 4% of the Gross National Product (GNP), with the highest cost in the power industry. A recent study estimates that the cost of corrosion in China is about 3.3% of the GNP, with the transportation and electronics industries bearing the highest costs. Older reports from Australia estimate a cost around 1.5%
of the GNP, highlighting how corrosion control measures will contribute to national economy [1] [2] [3] .
While most materials are affected by corrosion and weathering processes, it is a concern for metals due to their ubiquitous applications and their importance in advanced technology infrastructures such as oil rigs and processing plants. The corrosion of metals in marine environments is much faster than in freshwater and particularly problematic due to the possible release of crude and processed oil in a sensitive environment, which might affect marine ecosystems.
Corrosion of metals in seawater depends primarily on the charge imbalance in the electrical double layer at the metal/water interface; the presence of impurities that start pitting corrosion; and the cooccurrence of different metals, which create sites for galvanic corrosion. However, it is well established that microorganisms also play an important role in the corrosion process, known as microbially influenced corrosion (MIC). Mechanisms invoked to explain MIC include the formation of differential aeration cells caused by oxygen respiration; production of corrosive agents such as sulfide by sulfate-reducing bacteria (SRB) and organic and/or inorganic acids; metal-deposition; hydrogen embrittlement; the metal-binding effect of extracellular polymeric substance (EPS), and inactivation of corrosion inhibitors, with no specific mechanism playing a major role 3 . Most MIC mechanisms hypothesise that SRB play the major role in MIC, yet corrosion clearly also occurs in sulfate-free, anaerobic and even aerobic environments, although at lower rates.
This highlights that many other microorganisms might contribute to MIC in mixed microbial communities.
Most recent strategies for corrosion inhibition draw from current experience in medical biofilm removal and focus on dispersal/ inhibition, rather than lethal treatments. This opens new avenues for sustainable corrosion control in the shipping and oil and gas industries. In the following, we will outline a few aspects of MIC in biofilms and seawater, and the related research prospects.
Single species biofilms
Research on simple systems, such as monospecies biofilms, has revealed the existence of multiple MIC mechanisms. In fact, biofilms can either protect the metal surface from corrosion or enhance the corrosion rate, depending on the species considered.
For example, Pseudomonas aeruginosa was shown to accelerate the corrosion of different grades of duplex steel and nickel-free stainless steel 4 . The same species promoted corrosion of nickel-
copper coatings yet inhibited corrosion of nickel-zinc coatings . It is also possible that the source and quality of the steel plays a role in these differences, due to the presence of impurities, which initiate the corrosion process. Overall, these and other studies on monospecies biofilms suggests that MIC is common in microorganisms and one should look beyond SRB to explain MIC in sulfate-depleted environments. They also highlight the multiplicity of MIC mechanisms and the need for standardisation of approaches to readily compare results across different studies 14 .
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In Focus product is available yet. For example, 100 ppm D-methionine decreased corrosion of monospecies Desulfovibrio biofilms by 50% without any effect on the planktonic cells, indicating the mitigation is due to biofilm dispersal only 27 . Similar effects were observed for mixed species biofilm consortia from an oilfield 12 .
Additionally, a mixture of amino acids has been shown to partially inhibit MIC in mixed biofilms 23 , presumably by altering community metabolism such that the corrosive metabolites were not produced or did not accumulate. MIC can be enhanced by the presence of microbially produced mediators, such as flavins, which enhance electron uptake from the metal surface 28 . Thus, removal of these mediators might help in mitigating MIC. Other MIC control strategies use surfactants 29 and mixed-type inhibitors carbazole derivatives to inhibit SRB biofilm formation 30 . Ideally, biofilm inhibitors should be applied at the metal surface, and engineered to allow slow release over long periods of time. Alternatively, the inhibitors could be triggered for release in response to the presence of corrosion-related organisms, which could be achieved by metabolic, physiological or physical conditions (e.g. low pH) specific for corroding organisms. Thus, there are a range of mild biofilm control approaches that could be used to delay or reduce corrosion rates,
although they remain to be demonstrated in situ. Some of the challenges around such approaches are related to the cost (due to the large volume/surface to be treated) and method of application.
For example, a coating would be most likely to localise activity where it is needed, but is subject to loss of function due to damage to the coating and depletion of active compounds over time 31 .
Summary and Conclusions
There is a considerable appreciation for the roles of microorgan- Thiocyanate biodegradation: harnessing microbial metabolism for mine remediation 
